Unexpected sign, significant magnitude and time-variation of frequency second derivative exist not only in singular radio pulsars but also in Soft Gamma repeaters (SGRs) and Anomalous X-ray pulsars (AXPs). This paper shows that the these phenomena are related, and can be interpreted by a simple unified model, long-term orbital effect. Thus many of previous "singular" pulsars may be binary pulsars with very small companion mass, i.e., orbital period P b ≈ 22min for SGR 1900+14, P b ≈ 0.21day for AXP 1E 2259+586, and P b ≈ 1.5hr for PSR J1614-5047. There might be more binary pulsars than we had thought about, and the number of binary pulsars that suitable for gravitational wave detection may also increase.
Introduction
Pulsars are powered by rotational kinetic energy and lose energy by accelerating particle winds and by emitting electromagnetic radiation at their rotational frequency, ν. The slowdown is usually described byν = −κν n ,
where κ is a positive constant which determined by the moment of inertia and the magnetic dipole moment of the pulsar and n is the braking index. Differentiation Eq. (3) gives
n = 3 for constant spin-dipole angle and dipole moment. Distortion of the magnetic field lines in the radial direction from that of a pure dipole, pulsar wind, and time-variable effective magnetic moment results in 1 ≤ n ≤ 3 (Manchester 1985 , Blandford & Romani 1988 .
However a large numbers of first and second pulse derivatives of pulsars (Hobbs et al. 2004) shows that majority pulsars differ from n = 3 significantly, |ν obs /ν obs | ≫ |ν/ν| = 3|ν/ν| .
Most frequency second derivative reported in the literature deviate significantly from the simple dipole braking, and is usually treated as long-term timing noise. The main characteristics of the frequency second derivative are: (1) the magnitude of it depends on the length of the data span; (2) the sign of it can be both positive and negative; (3) the magnitude ofν obs can be orders of magnitude larger than that expected by magnetic dipole radiation. Gong (2005) introduced long-term orbital effect to explain the puzzle of braking index and age of radio pulsar PSR B1757-24, in which the discrepancy between the measuredν obs and the magnetic dipole radiation inducedν is attributed to the long-term orbital effect. And thus the orbital period of the pulsar can be estimated. This model actually provides a mechanism that can interpret the three characteristics of timing noise.
This paper extend the model in three aspects first to different kinds of pulsars, SGRs, AXPs; second to higher order of frequency derivatives, i.e., third or four order of derivatives; third the orbital period of 12 different pulsars are estimated which can put the model under extensive test.
The model
When a pulsar has very small mass function, the corresponding radial velocity may be too weak to measure, therefore, the short periodic effect (at time scale of orbital period) is undetectable. However long periodic effects, can still cause Doppler shift to the pulse frequency,
where the bracket <, > means average over one orbital period.
] is the semi-amplitude; e, P b , a p are eccentricity, orbital period, and pulsar semi-major axis respectively. i is the orbital inclination angle and c is the speed of light.
The period of Eq.(3) is 2π/ω, which is determined by the advance of periastron,ω. Differentiating (denoted by ′ ) Eq.(3) gives the Doppler shift at long time scale (Gong 2005) 
Eq.(4) means that at long time scale, the orbital motion of a "singular" pulsar (which is actually a binary pulsar) causes variation in the longitude of periastron, and thus affects the first derivative of pulse frequency. The acceleration term of Eq.(4) is given,
whereω GR is the well known advance of periastron given by General Relativity, andω S is the sum of the Spin-Orbit coupling induced advance of periastron plus the quadruple moment induced one. ω S can also be called additional orbital effect. There are two cases: (a)ω S is negligible and (b) ω S is not negligible. In both cases the value of the right hand side of Eq.(6) are of the same order of magnitude, 1 Post-Newtonian order. The different is that (a) corresponds to a sinusoidal variation of Eq.(4) and Eq.(5); whereas (b) corresponds to variation that differs from sinusoidal ones.
In the following application to pulsars, we just assume thatω ∼ω GR , and estimate orbital period of a pulsar without distinguishing (a) and (b).
The observationalν obs is giveṅ
whereν is the intrinsic one, which caused by magnetic dipole radiation andν L is caused by Doppler effect at long time scale. By Eq.(4), Eq. (5) and Eq. (7) following relation can be obtained (Gong 2005) ,ν
The first term at the right hand side of Eq. (8) corresponds to the magnetic dipole radiation and the second one corresponds to the orbital effect which can change sign and have much larger magnitude than that of the first term at right hand side of Eq. (8). This actually explains why |n| ≫ 3 is inevitable when the second term is ignored. Onceω 1 is estimated by observational data, we can estimate the relativistic advance of periastron, ω GR , and in turn the orbital period can be estimated by rewritingω GR as
where M is the total mass of a binary system, and G is the gravitational constant.
Application to SGRs
SGRs and AXPs are believed to be magnetars. Like radio pulsars these sources are spinning down and show timing noise, however at magnitude on average 100 times larger.
The derivatives of SGR 1900+14 satisfies following relation,
The derivatives of SGR 1806-20 satisfies following relation,
The magnetic dipole radiation satisfies
Thus it seems that the relation, Eq.(10), can be explained by magnetic dipole radiation. However the magnitude ofν/ν is much smaller than observational ratio given by Eq.(10). Therefore, the relation Eq.(10) cannot be explained by magnetic dipole radiation, neither is Eq.(11).
On the other hand, by Eq.(4), Eq. (5) and Eq. (7) we can also have,
L /ν L . The magnitude ofω 1 andω 2 can be close toω GR , and can also deviate froṁ ω GR significantly depending on the magnitude of derivatives of the averaged Doppler shift term like, < v · n p > ′′ and < v · n p > ′ (which are all functions of time). Therefore, the long term orbital effects provides a possible explanation of the ratio of Eq.(10) and Eq.(11).
The magnetic dipole radiation induced frequency first derivative is always negative; whereas, the long-term orbital effect can cause both negative and positiveν L . The fact that most pulsars have negative frequency derivative indicates that |ν| > |ν L |. In other words, for most pulsarsν obs is dominated byν, thusν obs andν have the same sign. Therefore we can assume:ν = βν obs , and in turnν L = (1 − β)ν obs , where β > 0.5. For convenience define α = 1 − β, notice that α can both be positive and negative. Eq.(8) can be rewritten,
and Eq.(4) can be rewritten,
where a is the semi major axis of the orbit, which can be written as,
, and e 0 = e/(1 − e 2 ) 1/2 .
Therefore assuming α that is consistent with corresponding observation,ω 1 of Eq.(8) can be obtained, and in turn the orbital period can be estimated through Eq.(9) (assumingω 1 =ω GR ). Having P b , the semi-major axis of orbit, a of Eq.(15), can be obtained. Finally puttingω 1 and P b into Eq.(15), one can obtain e 0 M 2 sin i sin ω, and check whether it is small enough to satisfy the radial velocity constraint.
By the observationṖ obs = 8.2(6) × 10 −11 s s −1
in May 31-Jun 9, 1998; andṖ obs = 5.93(3) × 10 −11 s s −1 in Aug 28-Oct 8, 1999 (Woods et al. 1999) ,ν obs varies significantly (ν obs = 1/P obs ). Then assuming α = 0.32, and through Eq. (14) and Eq.(9), we can obtain P b ≈ 22min (M 1 = 1.4M ⊙ ). And in the case M 2 = 0.05M ⊙ and e 0 ≈ 1, we have | sin i sin ω| ≈ 0.23. α = 0.32 means thatν obs can vary at large amplitude, however its sign is unchangeable, and the magnitude ofν obs is dominated by the magnetic dipole radiation,ν. If |α| > 0.5 then the measuredν obs will change sign at time scale of years, ∼ 2π/ω GR ; and if α ∼ 1 × 10 −2 then the variation amplitude cannot be explained.
When α = 0.32 which is in a range that consistent withν obs , the corresponding P b = 22min, M 2 = 0.05M ⊙ and | sin i sin ω| ≈ 0.23 are all in reasonable ranges, which corresponds to a small mass function, and is consistent with the observation of SGR 1900+14.
The magnitude of the frequency first derivative caused by the long-term orbital effect is smaller than that of the magnetic dipole radiation. This means the long-term orbital effect model is not contradictory to the assumption that SGRs have high magnetic field.
On the other hand, the second order frequency derivatives caused by the long-term orbital effect is much larger than that of the magnetic dipole radiation induced one for SGRs, in other words, ν obs is dominated byν L . And sinceν L can change sign at time scale ∼ 2π/ω GR ; it is expected thaẗ ν obs (also ν (3) obs , ν (4) obs ) will change sign at time scale ∼ 2π/ω GR . This can be tested by observation.
Therefore, SGRs are special not only for their significantν and thus high magnetic field, but also for their significantν L induced by long-term orbital effect.
In the case α = 0.32, one can also assume M 2 = 0.5M ⊙ , which corresponds to two possibilities (i) a very smaller | sin i sin ω| ∼ 10 −3 , which means the orbital plane is nearly face on, i ∼ 0. It is possible, but the probability is not high; (ii) the eccentricity of the orbit is very small, if this is true then M 2 and i can both be large, and the pulsar should have observed as a binary pulsar, apparently this is inconsistent with observation.
Therefore, an ordinary i, a small M 2 and a short P b can explain the observational constraints on SGR 1900+14 naturally. It is interesting that except pulse frequency, SGR 1900+14 is similar to the Black Widow pulsars, in which the millisecond pulsars eject the overflowing gas from the binary, giving mass loss on the binary evolution timescale (King et al. 2003) . Such pulsar binaries usually have small M 2 and short P b .
Application to AXPs and radio pulsars
The variation ofν obs andν obs between 1990 January and 1998 December of 11 pulsars is measured using ATNF Parkes radio telescope (Wang et al. 2000) . The signs ofν obs of PSR J1614-5047 and PSR 1341-6220 change for two times, which have been attributed to glitch.
The change onν obs of PSR J1614-5047 is about 1%, thus α = 0.01, and similarly through Eq.(8)-Eq.(9), the orbital period of PSR J1614-5047 can be estimated, P b ≈ 1.5hr. This result corresponds to a very small M 2 and sin i sin ω as shown in Table 1 , which explain why the binary effect is not measured. The measured time scale of change sign onν obs of PSR J1614-5047 is ∼ 3.2yr, which is consistent 2π/ω GR ∼ 10 0 yr corresponding to P b ≈ 1.5hr.
The Spin-Orbit coupling term,ω S in Eq.(6), may change abruptly and therefore mimic glitches in pulsars.ω S is a trigonometric function which is dependent of the phases of the orbital angular momentum vector, and the spin momenta of the two stars. And it can have relative sharp variation which causes relatively large variation in ν obs anḋ ν obs by Eq.(3) and Eq.(4) respectively. The absence of glitches in binary pulsars may be due to that the additional times delay caused by longterm orbital effect can be absorbed by the uncertainties in parameters such as P b ,ω GR andė. Whereas, for singular pulsars, the only possible absorbtion of long-term orbital effect is by rotational parameters, ν obs andν obs , etc. This explains why glitches always happens in young singular pulsars. As shown in Table 1 , these pulsars usually have short orbital period, i.e., a few hours, which can make significant timing noise, but the small mass functions prevent them from being observed as binary pulsars.
The timing noise parameter is defined as ∆(t) ≡ log(|ν|t 3 )/6ν, and ∆ 8 means ∆(t = 10 8 ). For PSR J1614-5048 ∆ 8 ≈ 0.12, for AXP 1E2259+586, ∆ 8 ≈ 0.42, and for SGR 1900+14, ∆ 8 = 4.5. These different results can be explained by different P b of these pulsars.
Discussion
Different timing behaviors shown in different kinds of pulsars may caused by the same physics. The long-term orbital effect provides possible explanations to following phenomena:
1. Magnitude, sign and variation of frequency second derivative.
2. The relationship of ratios of derivatives of pulse frequency likeν obs /ν obs , ν
obs /ν obs . 3. Why unexpected sign ofν obs appears much more often than that ofν obs .
4. Why timing noise parameters, ∆ 8 , of SGRs are much larger than that of radio pulsars.
There are two predictions corresponding to the new model.ν obs , ν obs of SGRs, AXPs and radio pulsars should change sign at time scale ∼ 2π/ω GR . The test of this prediction may tell us whether timing noise is caused by the long term orbital effect or not.
Another prediction is orbital period of different pulsars listed in Table 1 . It is conceivable that most of the binaries should have low mass companion (like white dwarfs, brown dwarfs, or planets), while a few of them may have very small orbital inclination angle with companion mass comparable or larger than a solar mass, which would be suitable sources for gravitational wave detectors, like LIGO and LISA. The test of the binary nature of these pulsars can be performed by settingν obs =ν, andν obs =ν, in other words,ν obs andν obs satisfies the expectation of magnetic dipole radiation, and then use orbital parameters to fit the quasi-sinusoidal residual. Orbital period, P b , predicted in this table is obtained in the case that the mass of the pulsar is M1 = 1.4M⊙. The error of the estimated P b mainly comes from the assumptioṅ ω1 =ωGR, typically the deviation of the magnitude oḟ ω1 andωGR is less than 10, thus by Eq.(9), the error of P b is P 
